Vigna unguiculata, Vigna radiata and Arachis hypogaea growing in Ethiopia are nodulated by a genetically diverse group of Bradyrhizobium strains. To determine the genetic identity and symbiotic effectiveness of these bacteria, a collection of 36 test strains originating from the root nodules of the three hosts was investigated using multilocus sequence analyses (MLSA) of core genes including 16S rRNA, recA, glnII, gyrB, atpD and dnaK. Sequence analysis of nodA and nifH genes along with tests for symbiotic effectiveness using d 15 N analysis were also carried out. The phylogenetic trees derived from the MLSA grouped most test strains into four well-supported distinct positions designated as genospecies I-IV. The maximum likelihood (ML) tree that was constructed based on the nodA gene sequences separated the entire test strains into two lineages, where the majority of the test strains were clustered on one of a well-supported large branch that comprise Bradyrhizobium species from the tropics. This clearly suggested the monophyletic origin of the nodA genes within the bradyrhizobia of tropical origin. .79) were highly effective nitrogen fixers when inoculated to cowpea, thus can be considered as inoculants in cowpea production. It was concluded that Ethiopian soils are a hotspot for rhizobial diversity. This calls for further research to unravel as yet unknown bradyrhizobia nodulating legume host species growing in the country. In this respect, prospective research should also address the mechanisms of symbiotic specificity that could lead to high nitrogen fixation in target legumes.
INTRODUCTION
Grain legumes such as groundnut (Arachis hypogaea L., Fabaceae), cowpea (Vigna unguiculata L. Walp.) and mung bean (Vigna radiata L. Wilczek) are essential food sources in tropical and subtropical regions, including Ethiopia [1] [2] [3] [4] . Specifically, they sustain the nutritional balance of lowincome societies [5] . Grain legumes have a substantial dietary value for humans and animals due to their high protein, vitamin and mineral contents [2, [6] [7] [8] . As well as the nutritional qualities of legumes, their biomass is acknowledged to improve soil fertility [9] , a desirable feature in low-input smallholder agriculture. Generally, these benefits refer to the ability of legumes to establish a symbiosis with rhizobia, to initialize a process defined as biological nitrogen fixation (BNF) [10] [11] [12] . In this respect, mung bean, groundnut and cowpea have been studied extensively with respect to their BNF capability and soil fertility benefits [9] . For example, groundnut and cowpea revealed a net N contribution to soil of up to 100 kg N ha À1 [13] and 150 kg ha À1 [14] , respectively. Mung bean, on the other hand, was shown to provide only 10 % of N requirements of preceding maize via BNF [9] . With respect to their protein contents, groundnuts were found to contain up to 39 % protein [15] , while cowpea [16] and mung bean [17] contained 26 and 25 % protein, respectively. N-fixing rhizobia are of polyphyletic origin that spread over various taxonomic groups within the different subclasses of alpha-and beta-proteobacteria. Notably, those rhizobia that require a match with individual legume counterparts to induce BNF are affiliated to alpha-and beta-proteobacteria. These include, among others, the genera Allorhizobium [18] , Azorhizobium [19] , Rhizobium [20] , Mesorhizobium [21] , Ensifer (formerly Sinorhizobium) [22] and Bradyrhizobium [23] . The genus Bradyrhizobium, however, was created to circumscribe those N-fixing bacteria that establish a symbiosis with a variety of legumes including cowpea, mung bean and groundnuts distributed broadly over tropical and temperate regions, and grow slowly on yeast extract mannitol agar (YMA) medium in the laboratory. It is acknowledged that the BNF effectiveness of different strains varies, and depends strongly on the combination of the legume genotype and N-fixing strain, climatic and edaphic conditions [24] . It should be noted that for Ethiopia, information is scarce about indigenous rhizobia that nodulate grain legumes including cowpea, groundnut and mung bean. Few studies on Ethiopian collections showed, however, that Ethiopian soils harbour diverse populations of rhizobia with distinct genomic composition which also differ in symbiotic effectiveness [25] [26] [27] [28] [29] . Hence, it could be hypothesized that there is a large, undiscovered genetic diversity among bradyrhizobia found in Ethiopia, an acknowledged geographic centre of many leguminous plants [30] . Furthermore, to exploit the potential benefit from BNF and to improve agricultural productivity, it is relevant to characterize the indigenous population of rhizobia compatible with cultivated crops and develop inoculants for use in legume production in various locations. This fact necessitates investigation of the symbiotic effectiveness, and taxonomic and phylogenetic position of rhizobia isolated from the mung bean, cowpea and groundnut extensively cultivated in Ethiopia. Hence, it was our primary objective to analyse an array of Bradyrhizobium strains isolated from root nodules of the three target legume species grown at diverse locations in Ethiopia. The taxonomic positions of the Bradyrhizobium test strains were exploited by multilocus sequence analysis (MLSA) of different housekeeping genes including partial sequence analysis of the 16S rRNA gene in addition to five conserved housekeeping genes (i.e. glnII, recA, gyrB, dnaK and atpD). Moreover, sequence analysis of genes involved in the BNF process (i.e. nifH, nodA), together with 15 N stable isotope analysis, was used to unravel the symbiotic potential of selected Bradyrhizobium strains.
METHODS

Bacterial strains and DNA isolation
The 36 Ethiopian Bradyrhizobium test strains used in this study, their geographic origin and host plants from which they were isolated are presented in Table 1 . The strains were isolated from root nodules of three grain legume species including cowpea (16 strains), mung bean (7 strains) and groundnut (13 strains), growing either in the field or under greenhouse conditions on soils collected from different locations in southern Ethiopia, and deposited at the soil microbiology laboratories of Hohenheim University and Hawassa College of Agriculture. Strains were kept in 15 % (v/v) glycerol at À80 C and cultured in 10 ml yeast extract mannitol broth (YMB) at 28 C for 7-10 days. Prior to DNA isolation, bacteria were grown on YMB at 28 C for up to 8 days [31] . Total genomic DNA was isolated according to [32] with slight modifications [33] .
PCR amplification and phylogenetic analysis
The 16S rRNA gene, internal fragments of five protein coding chromosomal genes (i.e. recA, glnII, gyrB, atpD, dnaK), and the symbiosis related genes (i.e. nodA, nifH) were considered in this study. The 16S rRNA gene was amplified with primers and PCR conditions as described previously [34] . PCR amplification of partial recA and atpD genes [35] , glnII [36] , gyrB [37] and dnaK [38] genes were performed using the PCR conditions specified in the respective references. Amplification of the nodA gene was carried out using PCR conditions specified by [39] , while the partial nifH gene was amplified according to [40] . Sequencing of amplicons was performed at LGC Genomics GmbH (Berlin, Germany).
The individual gene sequences of the 40 type strains [41] of the defined reference species of the genus Bradyrhizobium were retrieved from the GenBank database (NCBI) and aligned with the sequences obtained from the studied strains for construction of the phylogenetic trees. In addition to the phylogenetic trees of individual genes, the sequences of the five housekeeping genes were concatenated to construct one composite tree. This was used, together with combined housekeeping gene sequence similarity (CHGSS) values, for further exploration of the phylogenetic positions of studied isolates. The Jukes-Cantor distance was calculated to determine the closest phylogenetic neighbours to our entire set of studied strains. For the phylogenetic inference, multiple nucleotide alignments for the assayed isolates were carried out using the CLUSTAL W program [42] from MEGA version 6.0 [43] . The phylogenetic trees were constructed using the maximum-likelihood (ML) methods. The robustness of the ML tree topology was calculated from bootstrap (BT) analysis with 500 replications. For concatenation, sequences of the same gene of all strains were aligned using MEGA version 6 [44] , and saved as a 'fasta' file, then joined using the online Fasta alignment joiner tool [44] ) was then inoculated into the seedlings of their original hosts grown in modified Leonard jars following the procedure detailed in Somasegaran and Hoben [45] . The seedlings were grown under natural sunlight and temperature, and nodule assessments were carried out 5 weeks after inoculation. After confirmatory tests, seven selected test strains from mung bean, cowpea and groundnuts were evaluated for their ability to produce nodules on cowpea. The latter is a multipurpose crop, used as food and feed, which is why it was selected for this experiment. These crops belong to the same cross-inoculation group and can share the same rhizobium strain. Seedlings were grown in modified Leonard jars filled with washed and sterilized river sand. Four surface-sterilized and pre-germinated seedlings were planted aseptically into each of three replicate pots. The seedlings were later thinned to one by snipping out the top, as described previously [46] . A single colony of each isolate was picked from YMA plates and multiplied in YMB. Each seedling was inoculated with 1 ml of bacterial culture at the exponential growth phase [45] . Non-inoculated seedlings of cowpea, either supplied with mineral nitrogen (as 0.1 % KNO 3 in nutrient solution) or grown without nitrogen, served as positive and negative controls, respectively. Seedlings were grown under natural sunlight and temperature and were fertilized with onequarter strength modified Jensen's N-free medium [45] . Nodule assessment and harvesting took place 5 weeks after inoculation [45, 47] . To investigate the symbiotic potential of the test strains, the d 15 N of total N was determined from the powdered dry shoot biomass of cowpea, which has already been inoculated with seven selected strains. For 
*Host plants from which strains were isolated: V, Vigna; A, Arachis.
I, II, III, IV = designated genospecies based on the present study.
U, single strains; ND, not determined. N in dry shoot of cowpea inoculated with seven selected strains with high (i.e. GN100, GN102, CP42 and MB140), moderate (i.e. CP6, MB117) and ineffective (i.e. CP11) symbiosis ability, 10 mg sorbsil was added to tin capsules supplemented with dry shoot. Samples were air-dried and subjected to continuous flow isotope ratio mass spectrometry (EA-IRMS) using a Euro EA 3000 elemental analyser (Hekatech, Wegberg, Germany) connected to a Delta Plus XP mass spectrometer via a Conflo III Interface (Thermo Finnigan MAT, Bremen, Germany). The d 15 N was then calculated by taking into account the natural abundance of 15 N in the air.
RESULTS
Phylogenetic analysis based on the 16S rRNA gene sequences Based on the partial 16S rRNA gene sequence analysis, all 36 isolates were grouped into four large branches on the phylogenetic tree. All were clearly delineated on a cluster that defines the Bradyrhizobium genus ( Fig. 1 ). Even though a well-resolved phylogeny was not generated, the 36 test strains shared, based on the 16S rRNA gene sequences, a high sequence similarity (>97 % similarity) to several Bradyrhizobium reference strains, of which the following reference species, namely B. tropiciagri SEMIA 6148, B. vignae 7-2, B. subterraneum 58 2-1, B. kavangense 14-3, B. brasilense UFLA03 321, B. daqingense CCBAU 15774, B. liaoningense LMG 18230, B. japonicum USDA6, B. ganzhouense RITF806, B. ingae BR 10250, B. iriomotense EK05, B. pachyrhizi PAC48, B. retamae Ro19 and B. elkanii USDA 76 were identified as the closest phylogenetic neighbours to the entire test strains.
Phylogenetic diversity based on multi-gene analyses Partial gene sequences of five housekeeping genes [i.e. gyrB (695 bp), dnaK (279 bp), glnII (600 bp), atpD (458 bp), recA (429 bp)] were chosen to refine the phylogenetic positions of the new Bradyrhizobium test strains. In addition to the test strains examined in this study, the analyses also included all bradyrhizobial reference taxa for which sequence information for atpD, dnaK, glnII, gyrB and recA genes were available in GenBank. The maximum likelihoodbased grouping of the test isolates resulted in trees of similar topologies in most of the analysed housekeeping genes (Fig. S1a-e, available in the online version of this article). In each of the individual gene trees, the test strains designated as within genospecies I to IV were grouped within the branch that defines the Bradyrhizobium genus. However, the analysed strains within the designated genospecies were clustered on their own well-supported position based on the five housekeeping gene trees ( Fig. S1a-e) . Strains belonging to genospecies I showed relatedness to B. liaoningense LMG 18230 for its recA gene ( 97 % similarity). These strains showed, however, resemblance to B. ottawaense OO99 for the rest of its housekeeping genes analysed including glnII ( 97 %), gyrB ( 97 %), atpD (<99 %) and dnaK (~100 %) genes. Strains belonging to genospecies II, on the other hand, were phylogenetically related to B. subterraneum 58 2-1 ( 97 % for its recA gene), B. daqingense CCBAU 15774 ( 96 % for its glnII gene), B. huanghuaihaiense CCBAU 23303 ( 95 % for its gyrB gene), B. canariense BTA-1 ( 97 % for its atpD gene), and B. liaoningense LMG 18230 and B. diazoefficiens USDA 110 (<98 % for its dnaK gene). Strains within genospecies III were closely associated with B. yuanmingense CCBAU 10071 and B. subterraneum 58 2-1 with a sequence similarity of 98 %. Genospecies IV, comprising only the mung bean isolates, were related to B. elkanii USDA 76 and B. pachyrhizi PAC48 in all analysed housekeeping genes. These revealed a sequence similarity ranging between 95 and 100 %, with maximum similarity for its dnaK gene. The four single strains MBH117, GN98, CP45 and CP35 occupied single branches on the phylogenetic trees constructed from the housekeeping genes (Fig. S1a-e). They shared sequence similarities varying from 95 to 98 % when compared with the closest reference species described within the Bradyrhizobium genus. However, with the exception of strain CP45 (to which B. retamae Ro19 was the closest neighbour based on all housekeeping gene sequences, Fig. S1a-e) , different Bradyrhizobium reference strains were identified to be the closest phylogenetic neighbours to the remaining three single strains based on the different housekeeping genes analysed. For example, while B. huanghaihaiense CCBAU 23303 was the closest to strain MBH117 based on its gyrB and glnII genes, B. liaoningense LMG 18230, B. diazoefficiens USDA 110 and B. yuanmingense CCBAU 10071, on the other hand, were identified to be the closest neighbours to this strain based on their recA, atpD and dnaK genes, respectively. Strain GN98 was closely associated with B. liaoningense LMG 18230 (for its recA and gyrB genes), B. iriomotense EK05 (for its atpD and dnaK genes) and B. arachidis CCBAU 051107 (for its glnII gene). B. lablabi CCBAU 23086 (based on the glnII and gyrB genes), B. paxllaeri LMTR 21 (based on the recA gene), B. jicamae PAC68 (based on the atpD gene) and B. icense LMTR 13 (based on the dnaK gene) showed phylogenetic resemblance to strain CP35.
Combined sequence analysis of chromosomal genes (recA-atpD -glnII -dnaK -gyrB) With the assumption that a tree constructed from a single gene would not represent the information contained in the whole genome, the five chromosomal genes including recA, atpD, glnII, dnaK and gyrB gene sequences, were combined to delineate the phylogenetic position of the assayed strains with respect to the reference species on the tree (Fig. 2) . In the concatenated gene sequence analysis, most test strains were grouped into four well-supported clusters (!91 % bootstrap) within the genus Bradyrhizobium. Out of the four defined groups, three of them (i.e. genospecies I, II and III) are new genospecies excluding any described species in the genus (Fig. 2) . Except for the four test strains MBH117, GN98, CP45 and CP35, which represented single branches, the remaining 32 test strains were distributed over the four clades, forming four tightly clustered groups. For clarity reasons, these are referred as genospecies I-IV in the following. The test strains belonging to genospecies I occupied their own distinct but also well-supported position (100 % bootstrap) to which B. ottawaense OO99 was identified as its closest phylogenetic neighbour with a Ccombined housekeeping gene sequence similarity of 97 %. Genospecies II was distantly related ( 94 % CHGSS) to B. liaoningense LMG 18230 and B. yuanmingense CCBAU 10071, while genospecies III was related to B. yuanmingense CCBAU 10071 ( 96 % CHGSS). Genospecies IV ( 98 % CHGSS) showed a close phylogenetic relatedness to B. pachyrhizi PAC48. The four strains MBH117 (96 % CHGSS), GN98 (93 % CHGSS), CP45 (97 % CHGSS) and CP35 (96 % CHGSS) were relatively associated with B. huanghuaihaiense CCBAU 23303, B. iriomotense EK05, B. retamae Ro19 and B. lablabi CCBAU 23086, respectively. phylogenetic trees were constructed. The maximumlikelihood trees of the nodA (Fig. 3) and nifH (Fig. 4) dataset produced a well-supported phylogeny. The nodA phylogenetic tree depicted the presence of two distinct clades, of which clade III (known as the large pantropical clade common in Africa) is the most diverse group comprising three subdivisions (III.1, III.2 and III.3). With the exception of one cowpea strain (i.e. strain CP45), now designated as group H based on the nodA gene (Fig. 3) , all test strains were grouped (100 % BT value) on a branch that defines clade III.3. This comprised the most diverse groups mainly retrieved from tropical systems, while CP45 was grouped on a branch that defines clade IV. Within these two clades (i.e. clade III.3 and III.IV), the cowpea, mung bean and groundnut Bradyrhizobium test strains were included in eight well-supported groups (A-H; Fig. 3 ). Based on the nodA gene tree, one of the highly supported clusters (98 % BT value) comprising strains of group A (11 in total) were closely associated with Bradyrhizobium sp. strain CB756, a widely used inoculant of cowpea and peanut, isolated from Macrotyloma africanum in Zimbabwe. Group B, C and D strains, the other well-supported cluster (97 % bootstrap) comprising cowpea, mung bean and groundnut strains, were closely related to Bradyrhizobium sp. isolated from African legume trees (e.g. Rhynchosia minima, Faidherbia albida). While group E was closely associated with Crotalaria lathyroides nodulating Bradyrhizobium species from Senegal, group F, comprising only the mung bean isolates, ) and some related sequences for recognized species of the genus Bradyrhizobium. Trees were constructed by the maximum-likelihood method using MEGA version 6 [43] . Bootstrap values !70 % (using 500 replications) are shown at each node. Bars, % estimated substitutions expected and number of changes per site. B: Bradyrhizobium.
Analysis of symbiosis-related genes
was related to B. elkanii isolated from Mucuna aterrima growing in Brazil. The test strains within group G showed a close resemblance to Bradyrhizobium species nodulating Aeschynomene schimperi.
In the nifH gene tree (Fig. 4) , the test strains were classified into seven clusters, all of which were almost the same as their grouping based on nodA gene sequences. For example, group A of the nifH gene tree contained strains that were clustered in group E in the nodA gene tree. Similarly, group B of the nifH gene tree harboured strains that were clustered in group D and C in the nodA gene tree. The majority of the test strains were clustered on one well-supported branch (92 % bootstrap) together with reference sequences from Bradyrhizobium species of Ethiopian origin.
In terms of their symbiotic capacity associated with the cowpea host, the seven selected strains varied distinctly. Based on the cross-inoculation experiment conducted, where all test strains were inoculated and tested on cowpea, test strains from cowpea, groundnuts and mung bean performed differently in their symbiotic performance (as revealed from the measurement of their shoot dry weight) (Fig. S2) N=6.00). The exception to this result was that strain MB117 (with higher shoot dry weight than strain CP6; see Fig. S2 as reference) revealed lower symbiotic potential than strain CP6.
DISCUSSION
Ethiopian Bradyrhizobium strains as studied by multi-gene sequences In a systematic collection of rhizobia from nodules of the three grain legumes (i.e. Arachis hypogaea, Vigna unguiculata and Vigna radiata) growing in Ethiopia, 36 nodulating strains were confirmed to be affiliated to the Bradyrhizobium lineage. To determine the identities of these isolates, we used the phylogenetic analysis of partially sequenced 16S rRNA, recA, glnII, gyrB, dnaK and atpD genes. In this study, an almost full-length 16S rRNA gene of each studied strain was considered to elucidate their taxonomic positions with respect to the currently defined Bradyrhizobium reference species (n=40). The corresponding gene sequences of Bradyrhizobium type species were retrieved from GenBank and aligned with the test strains for phylogenetic tree reconstruction and similarity calculations. The strains were grouped on four different well-supported branches (designated as I-IV) with respect to the known Bradyrhizobium reference species. On the basis of the 16S rRNA gene sequence-based phylogenetic tree ( Fig. 1) , strains within the designated clusters (I to IV) formed highly supported, but also diverse groups related to a number of currently recognized reference species within the genus Bradyrhizobium. Previously, a considerable number of strains affiliated to slow-growing Bradyrhizobium strains of Ethiopian origin for which a large metabolic (five Biolog profiles) and genomic (13 AFLP patterns, 19 16S PCR-RFLP and 19 ITS PCR-RFLP genotypes) diversity was reported [48] . This suggested a large genetic diversity of rhizobia of Ethiopian origin. Subsequent phylogenetic analysis of 21 representative strains from the same origin, based on partial sequence analysis of the 16S rRNA gene (800 bp), delineated eight distinct groups, in which 12 different partial 16S rRNA gene sequence types (genotypes) were represented [25] . In an earlier study, the phylogeny of 56 Bradyrhizobium strains nodulating Crotalara spp., Indigofera spp., Erythrina brucei and Glycine max collected from different locations in Ethiopia were investigated by sequence analysis of recA-glnII-rpoB-16S rRNA genes in conjunction with AFLP. This analysis revealed clearly that Bradyrhizobium strains are highly diverse, representing a number of distinct phylogenetic groups [49] . This fact corroborated our findings.
In many of the rhizobial clades [50] , particularly in the genus Bradyrhizobium [51] , 16S rRNA has been reported to show minor variation among closely related species. Thus, in the present study the phylogenetic classification of any strain at species level is difficult when the highly conserved 16S rRNA gene is used as a marker [36, 50, 52] . Moreover, it was found that the 16S rRNA gene could also be identical, as was proven for B. liaoningense and B. japonicum [53] and B. paxllaeri and B. icense. To overcome these shortcomings, it was necessary to analyse a set of selected housekeeping genes to clarify their taxonomic positions with respect to the Bradyrhizobium reference species.
Ethiopian Bradyrhizobium strains as revealed by multi-gene sequences For precise elucidation of the taxonomic positions of the studied strains, the importance of MLSA of selected housekeeping genes has been acknowledged [36, 37, 54] . It has also been reported that these genes, including glnII, recA, gyrB, atpD and dnaK, are highly conserved among Rhizobiales and are dispersed in the genome of B. japonicum USDA 110 (now renamed as B. diazoefficiens, for which the whole genome has already been sequenced [55] ). Thus, they provide independent genealogies for the inference of a reliable phylogenetic tree [56, 57] . In the present study, the phylogenetic placement of the Ethiopian Bradyrhizobium test strains were explored on the basis of the gyrB, glnII, recA, atpD and dnaK genes. In all phylogenetic trees (except for the dnaK gene sequence), the Ethiopian test strains designated as cluster I, II, III and IV formed their individual branches. This clearly justified the presence of new species within the genus. Furthermore, the data presented here strongly supplement the increasing information on the genetic diversity of Bradyrhizobium species in Ethiopia [49, 58] Analysis of concatenated genes Single-gene data rarely provide well-supported resolution among bacterial taxa, while the analyses of combined sequence datasets reveal more reliable phylogenetic information [36, 59, 60] . For Bradyrhizobium, using concatenations and combinations of different housekeeping genes, it was shown previously that concatenated sequences including dnaK, recA and glnII provide a reliable phylogenetic classification for species within the genus [61] . Vinuesa et al. [60] and Aserse et al. [49] reported a well-resolved monophyletic Bradyrhizobium species as obtained from concatenated sequence analysis of 16S rRNA, atpD, glnII, recA and rpoB genes. Moreover, Rivas et al. [59] classified Bradyrhizobium species on the basis of concatenation of atpD, recA, gyrB, rpoB and dnaK genes. In agreement with these findings, the concatenated gene sequence of recAglnII-gyrB-atpD-dnaK in this study resolved the test strains into robust and well-supported clusters. These were distinct from the reference species. This clearly suggested that the test strains in each of the clusters represent a number of yet unrecognized taxa in the genus Bradyrhizobium. Thus, this study supported earlier findings on rhizobia of Ethiopian origin [26, 49, 58, [62] [63] [64] .
Analyses of symbiotic loci of nodA and nifH genes To examine the sequences of nodulation and nitrogen fixation genes present in the new test strains, two BNF-related genes (i.e. nifH and nodA) were sequenced. Irrespective of their genospecies designation, the phylogenetic analyses of nodA and nifH data suggested that the majority of the test strains were clustered on a well-supported large branch that comprised Bradyrhizobium species from the tropics, mainly African species. This suggested the monophyletic origin of the symbiosis genes within the bradyrhizobia of tropical origin. In an earlier study, it was shown that Bradyrhizobium isolates obtained from a specific plant species at a specific site displayed similar profiles within the nodABC region [65] , supporting our present findings. The analyses based on the nodA gene data depicted that the cowpea inoculant strain CB756 (previously isolated from Macrotyloma africanum growing in Zimbabwe) and the test strains from Arachis hypogaea and Vigna unguiculata of Ethiopia (belonging to group A based on nodA clustering) were tightly grouped on one branch (98 % bootstrap). Thus, they potentially shared an ancestral homologue of the gene and signifying horizontal gene transfer of symbiotic genes between different genospecies within Bradyrhizobium. Furthermore, it could be concluded that the sequence analyses of nodulation (nodA) and nitrogen fixation (nifH) genes hold valuable information on the role of horizontal gene transfer and the diversity of Bradyrhizobium strains nodulating cowpea, mung bean and groundnut growing in Ethiopia.
With respect to the d 15 N analysis, irrespective of their grouping based on their symbiotic genes, the seven selected strains from the three host crops were found to behave differently in their symbiotic effectiveness when inoculated into cowpea host. For example, strains CP6 and CP11, although they were delineated on group G (based on nodA clustering), were found to reveal clear distinctions in their BNF potential. Similarly, based on the nifH tree, strains MB117 and MB140 were found to appear on one highly supported branch (100 % bootstrap value), but differed in their symbiotic effectiveness. This clearly indicated that other factors beyond the genotypes of the two symbiotic partners must have influenced the BNF potential. In that respect and in agreement with the results from shoot dry weight (Fig. S2) , it should be noted that the highest amount of fixed N was observed between GN100 and cowpea host, while the lowest amount was recorded from symbiosis between CP11 and cowpea. The reason why GN100 was found to be the best nitrogen fixer on cowpea (even if it was sourced from the nodule of groundnut), when inoculated to cowpea, could be related to the fact that cowpea and groundnut belong to the same cross-inoculation group. However, the N fixation performance of GN100 on a homologous host and the reason why this strain was found to be the best N fixer on cowpea calls for further research on the mechanisms of symbiotic specificity in hosts belonging to the same cross-inoculation groups.
Conclusion
In conclusion, the information generated from the combined housekeeping gene sequences clearly showed that rhizobia nodulating cowpea, mung bean and groundnut are diverse, delineated on distinct branches representing a number of yet unrecognized Bradyrhizobium groups, which could be described into new species. Sequence analyses of nodulation and N fixation genes carried information different from that derived from housekeeping genes. This contributed significantly to our understanding of the horizontal gene transfer that shapes the genetic diversity of Bradyrhizobium. The variations being observed in their BNF potential among the tested strains calls for further research to address the mechanisms of symbiotic specificity that could lead to high nitrogen fixation capacities in targeted grain legumes.
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